ABSTRACT Plastid-encoded RNA polymerase (PEP) is closely associated with numerous factors to form PEP complex for plastid gene expression and chloroplast development. However, it is not clear how PEP complex are regulated in chloroplast. Here, one thioredoxin-like fold protein, Arabidopsis early chloroplast biogenesis 1 (AtECB1), an allele of MRL7, was identified to regulate PEP function and chloroplast biogenesis. The knockout lines for AtECB1 displayed albino phenotype and impaired chloroplast development. The transcripts of PEP-dependent plastid genes were barely detected, suggesting that the PEP activity is almost lost in atecb1-1. Although AtECB1 was not identified in PEP complex, a yeast two-hybrid assay and pull-down experiments demonstrated that it can interact with Trx Z and FSD3, two intrinsic subunits of PEP complex, respectively. This indicates that AtECB1 may play a regulatory role for PEP-dependent plastid gene expression through these two subunits. AtECB1 contains a βαβαββα structure in the thioredoxin-like fold domain and lacks the typical C-X-X-C active site motif. Insulin assay demonstrated that AtECB1 harbors disulfide reductase activity in vitro using the purified recombinant AtECB1 protein. This showed that this thioredoxin-like fold protein, AtECB1 also has the thioredoxin activity. AtECB1 may play a role in thioredoxin signaling to regulate plastid gene expression and chloroplast development.
INTRoDuCTIoN
Chloroplast is a semiautonomous organelle with a limited coding information for components including plastid transcriptional/translational machinery and photosystem genes (Sato et al., 1999; Leister, 2003) . The expression of chloroplast-encoded genes is important for chloroplast development and the maintenance of chloroplast functions. The transcription of chloroplast genes is mainly carried out by two types of RNA polymerases. Plastid-encoded RNA polymerase (PEP) accounts for the transcription of photosynthetic genes which are important for chloroplast biogenesis and early plant development, while nucleusencoded RNA polymerase (NEP) primarily transcribes the housekeeping genes, including the rpo genes encoding for the PEP core subunits (Baumgartner et al., 1993; Hajdukiewicz et al., 1997; Hess and Börner, 1999; Lopez-Juez and Pyke, 2005; Demarsy et al., 2006; Schweer et al., 2010) . PEP core subunits are composed of rpoA, rpoB, rpoC1, and rpoC2. Various biochemical purification procedures revealed that many proteins are associated with these core subunits to form PEP complex (Hu and Bogorad, 1990; Hu et al., 1991; Pfannschmidt et al., 2000; Pfalz et al., 2006; Liere et al., 2011; Steiner et al., 2011) . PEP complex can be isolated as the membrane attached transcriptionally active chromosome (TAC) and the soluble RNA polymerase (sRNAP) from chloroplasts (Krause and Krupinska, 2000) . Thirty-five proteins have been identified from the purified Arabidopsis and mustard (Sinapis alba) TACs by electrospray ionization ion trap tandem mass spectrometry (Pfalz et al., 2006) . Recently, Steiner et al. (2011) identified that 10 non-rpo proteins are closely associated with the PEP core subunits termed PEP-associated proteins (PAPs) by integrating heparin-sepharose chromatography, blue native two-dimensional gel electrophoresis, and mass spectrometry approach. These PAPs are also included in TACs. Most TAC proteins are encoded by the nucleus genome, and the function of about 15 proteins has been reported (Pfalz et al., 2006; Garcia et al., 2008; Myouga et al., 2008; Arsova et al., 2010; Gao et al., 2011; Gilkerson et al., 2012; Yagi et al., 2012; Yu et al., 2013) . The molecular functions of several proteins were determined, involving in maintaining the stability of plastid genome (Maréchal et al., 2009) , mediating the redox state changes during light/dark transitions (Arsova et al., 2010) , and protecting the chloroplast nucleoids from reactive oxygen species (ROS) (Myouga et al., 2008) during chloroplast transcription.
Redox signaling plays important roles in many developmental and metabolic processes in chloroplast, including photosynthesis, protein transport, oxide stress, and gene expression (Pfannschmidt and Liere, 2005; Dietz and Pfannschmidt, 2011) . Thioredoxins are small ubiquitous redox proteins present in every organism. Typical thioredoxins contain the active site C-X-X-C motif or its derive motif and can form a characterized secondary structure with βαβαββα topology (Qi and Grishin, 2005) . Plant has six types of thioredoxins (f, m, x, y, h, and o) that reside in different cell compartments, and four families (Trx-f, Trx-m, Trx-x, and Trx-y) are localized to chloroplast (Meyer et al., 2005 (Meyer et al., , 2008 Meng et al., 2010) . Recently, two independent studies identified a novel thioredoxin protein, Trx Z (Arsova et al., 2010; Schröter et al., 2010) . Trx Z is required for chloroplast transcription. It interacts with two plastid fructokinase-like proteins, FLN1 and FLN2, and mediates the change of the FLN2 redox state changes in vivo during light/dark transitions (Arsova et al., 2010) . These observations were complemented by mass spectrometry results that demonstrated that both the Trx Z and the FLN2 kinase are intrinsic subunits of the PEP enzyme of chloroplasts (Schröter et al., 2010) .
The VAR2 gene encodes a chloroplast-localized ATPdependent metalloproteases FtsH, and the var2 line displayed variegated leaves (Chen et al., 1999) . A R291W substitution in a thioredoxin-like fold protein SVR4 (AT4G28590) could suppress the var2 phenotype (Yu et al., 2011) . This gene was recently identified as MRL7 that affects the expression of PEPdependent plastid genes through RNA interference analysis and investigation of MRL7 knockout lines (Qiao et al., 2011) . In this work, we investigated its function to regulate PEPdependent plastid gene expression through analyzing its two knockout mutants atecb1 (Yu et al., 2009) . Our data demonstrated that AtECB1 has thioredoxin activity and is essential for PEP-dependent plastid gene expression. Although AtECB1 was not previously identified in PEP complex (Pfalz et al., 2006; Steiner et al., 2011) , it was found to interact with two essential subunits of PEP complex, Trx Z and Fe Superoxide Dismutase 3 (FSD3), in this work. Therefore, AtECB1 may regulate plastid gene expression and chloroplast development probably through thioredoxin signaling.
RESuLTS

The Knockout of AtECB1 Leads to Defective Chloroplast Development
To identify genes essential for early chloroplast biogenesis, we obtained the knockout transgenic lines for 34 genes, the products of which are chloroplast-targeted and are highly expressed in early-stage seedlings (Yu et al., 2009 ). The knockout mutants of two genes (AtECB1 and AtECB2) showed albino phenotype and was seedling lethal. AtECB2 encodes a pentatricopeptide repeat protein (PPR) involved in the RNA editing events of chloroplast transcripts (Yu et al., 2009; Cao et al., 2010; Tseng et al., 2010) . Here, we focused on functional analysis of the AtECB1 gene. Two insertion lines pst_03066 (Kuromori et al., 2004; Ito et al., 2005) and SALK_075057 (Alonso et al., 2003) were obtained. The homozygote for the insertion sites in the two insertion lines displayed albino phenotype on Murashige-Skoog (MS) medium supplemented with 2% sucrose and was seedling lethal ( Figure 1A ). The positions of the insertions were confirmed by polymerase chain reaction (PCR) and sequencing. The pst_03066 (atecb1-1) has the insertion of the Ds transposon in the 608th base pair (bp) of the first exon of the gene AT4G28590 ( Figure 1B ) and the SALK_075057 (atecb1-2) has the insertion of the T-DNA in the 1096th bp downstream of the ATG initiation codon in the gene. Allelic test indicated that the two independent lines are allelic. Reverse-transcriptase PCR (RT-PCR) results indicated that the transcript of the AT4G28590 gene was absent in the mutants, while the transcript levels of the two vicinity genes (AT4G28580 and AT4G28600) were not affected ( Figure 1C) . We also transformed a 4480-bp wild-type genomic sequence, containing the AT4G28590 gene as well as its 2666-bp upstream and 351-bp downstream sequences, into the AtECB1/atecb1-2 heterozygotes via an Agrobacterium tumefaciens-mediated transformation (Clough and Bent, 1998) . Screening of the T1 transgenic lines and analysis of their genomic background identified two lines that were heterozygote green plants. More than 10 plants were identified to be atecb1/atecb1 genotype from their offspring. These results indicated that the 4480-bp genomic fragments can successfully complement the mutated phenotype, and the AtECB1 gene was AT4G28590.
Transmission electron microscopy (TEM) observation showed that the chloroplasts from the two allelic mutants cultured in both normal and low light intensity contained few internal membranes (Supplemental Figure 1) . This indicated that the plastids of the atecb1 mutants were arrested at an early stage of plastid differentiation, even under low light intensity. We also examined the accumulation of photosynthetic proteins in at Shanghai Normal University on August 29, 2013 http://mplant.oxfordjournals.org/ Downloaded from the atecb1-1 mutant by immunoblot analysis with the corresponding antibodies. Our results indicated that these proteins, such as PsaD, PsbA, PetC, and AtpB, were barely detectable or significantly reduced in the atecb1-1 mutant ( Figure 1D ). The level of OEC33, an extrinsic protein, was nearly equal between the atecb1-1 mutant and the wild-type ( Figure 1D ). These results indicated that there was serious defect in the accumulation of photosynthetic proteins in the atecb1-1 mutant.
AtECB1 Encodes a Thioredoxin-Like Fold Protein Localized in Chloroplast
Sequencing of the AtECB1 cDNA obtained by reversetranscriptase PCR (RT-PCR) showed that AtECB1 consists of four exons and three introns. It encodes a putative polypeptide of 331 amino acids, with a calculated molecular weight of 38.2 kDa. Sequence alignment analysis identified the existence of one homolog AT2G31840, which shows 70% identity with AtECB1 in Arabidopsis. Both AtECB1 and the homolog are predicated to be thioredoxin-like fold containing protein (www.Arabidopsis.org). Jpred software analysis showed that AtECB1 forms a βαβαββα structure at the C-terminal region (aa 204-314) that is annotated as one thioredoxin-like fold domain (www.compbio.dundee.ac.uk/Software/JPred/jpred. html) (Figure 2A) . Nevertheless, the active site C-X-X-C motif was not observed in AtECB1. In AT2G31840, a derived active site S-X-X-C is present ( Figure 2B ). This suggests that AtECB1 represents one novel thioredoxin in higher plant.
Expression data from Genevestigator showed that AtECB1 was widely expressed in Arabidopsis, with highly expressional levels in seedlings (Zimmermann et al., 2004; www.genevestigator.com) . RT-PCR analysis revealed that the expression abundance of the AtECB1 gene was high in 14-day-old seedlings compared with that in other tissues ( Figure 2C ). To investigate the effects of light on the AtECB1 expression, we treated 7-day-old Arabidopsis etiolated seedlings (Columbia) exposed to light for 0, 2, 6, 12, 24, or 48 h and performed RT-PCR analysis to detect the expression levels of AtECB1. Our results showed that the AtECB1 expression (D) Immunoblot analysis of chloroplast proteins in atecb1-1. These proteins were the photosystem I subunits, PsaD; photosystem II reaction center subunit, PsbA; photosystem II subunit, OEC33 (a product of photosystem II gene, PsbO); cytmb6f subunit, PetC (a product of cytmb6f gene, petC); rbcL, the large subunit of Rubisco enzyme; and ATP synthase subunit, ATP beta subunit.
was barely detected in etiolated seedling (0 h). After transferring the etiolated plants to light conditions, the transcripts of AtECB1 were gradually accumulated, and the numbers of AtECB1 transcripts reached a stable level after 24-h illumination ( Figure 2D ). These data showed that AtECB1 is widely expressed and its expression is induced by light.
TargetP (Emanuelsson et al., 2000) and Predotar (Small et al., 2004) programs predicted that the AtECB1 protein is targeted to chloroplast and that its 98-amino-acid N-terminal region is likely to be a transit peptide. To confirm its subcellular localization, we cloned the AtECB1 coding region encoding the transit peptide fused with green fluorescence protein (GFP) under the control of CaMV 35S promoter, and introduced it into the Columbia wild-type by the floral dip method (Clough and Bent, 1998) . In the transgenic lines, the GFP fusion protein was co-localized with the chlorophyll ( Figure 2E ). With just the control vector, GFP fluorescence accumulated in the cytoplasm ( Figure 2E ). These results indicated that the AtECB1 is localized in the chloroplast.
The Expression of PEP-Dependent Chloroplast Genes Is
Barely Detected in the atecb1-1 Mutant PEP activity and chloroplast gene expression are critical for chloroplast development, and the mutants with deficient (D) Expression of the AtECB1 gene after exposure to light. Total RNA was isolated from 7-day-old dark-grown plants exposed to light for 0, 2, 6, 12, 24, and 48 h, and was also isolated from 7-day-old Columbia ecotype grown under 16-h light/8-h dark light cycles. Amplification of actin cDNA was used as an internal control. Genomic DNA as template was used as a control when PCR reactions were performed. (E) Cellular localization of AtECB1 by GFP assays. Fluorescence signals were visualized using confocal laser scanning microscopy. Green fluorescence indicates GFP, red fluorescence shows chloroplast autofluorescence, and orange/yellow fluorescence shows images with the two types of fluorescence merged. Bars represent 20 μm.
at Shanghai Normal University on August 29, 2013 http://mplant.oxfordjournals.org/ Downloaded from PEP activity display impaired chloroplast development (Pfalz et al., 2006; Chi et al., 2008a; Garcia et al., 2008; Myouga et al., 2008; Arsova et al., 2010; Gao et al., 2011; Yagi et al., 2012; Yu et al., 2013) . Therefore, we analyzed the PEP-dependent chloroplast gene expression in atecb1-1. Northern blotting analysis showed that the transcripts of these genes including psbA, petD, and rbcL were barely detected in atecb1-1, while these genes were highly expressed in the seedling of wildtype ( Figure 3A) . In wild-type, the atpB transcripts of 2.6 and 2.4 kb can be detected which are transcribed by PEP and NEP, respectively (Ishizaki et al., 2005) . In the atecb1-1 mutant, the 2.6-kb band can not be detected ( Figure 3B ). In addition, the number of atpB transcripts in atecb1-1 was decreased compared with that in the wild-type ( Figure 3B ). These results showed that the PEP-dependent chloroplast transcripts were barely detected in atecb1-1. We also investigated the expression of other chloroplast genes which are both NEPand PEP-dependent (16S rRNA and clpP) or exclusively NEPdependent (accD, rpl22, and rpl20) in atecb1-1. Our results showed that the numbers of the transcripts (16S rRNA, accD, and rpl20) were lower than those in the wild-type, while the transcripts of both clpP and rpl22 were increased in the mutant, respectively ( Figure 3B and 3C) . This indicated the NEP remains functional in the mutant, although the knockout of AtECB1 seriously impairs the PEP-dependent chloroplast transcription. Nevertheless, the NEP-dependent chloroplast gene transcription was affected probably as secondary results from the defects in PEP-dependent chloroplast transcription. These data indicated that the chloroplast gene expression is defective and especially the transcripts of PEP-dependent genes are completely blocked in atecb1-1, suggesting that the PEP function is lacking in the mutant. The observed phenotype and the expression profile of chloroplast gene in atecb1-1 are similar to those Δrpo mutants (Serino and Maliga, 1998; Krause et al., 2000) and the mutants with impaired PEP functions (Pfalz et al., 2006; Chi et al., 2008a; Garcia et al., 2008; Myouga et al., 2008; Arsova et al., 2010; Gao et al., 2011; Yagi et al., 2012; Yu et al., 2013) , suggesting AtECB1 regulates PEP-dependent chloroplast gene expression. In addition, we investigated the effect of the AtECB1 deletion on the expression of the nucleus-encoded photosynthesis-related genes. Our data revealed that no obvious differences for the three nucleus-encoded photosynthetic transcripts (PsbO, LHCB, and RbcS) were observed between the wild-type and the atecb1-1 mutant ( Figure 3D ). These data showed that the AtECB1 deletion does not affect these nucleus-encoded gene expressions.
AtECB1 Interacts with Trx Z and FSD3, Two Essential Components of PEP Complex
The molecular phenotype of the atecb1-1 suggests AtECB1 regulate PEP-dependent chloroplast gene expression. Thus, we investigated whether AtECB1 is associated with TACs. A yeast two-hybrid screen was performed to identify its interacting TAC components. The coding sequence of AtECB1 lacking the 98-amino-acid N-terminal transpeptide in frame cloned into pGBKT7 was used as a bait to screen its partner(s) from a prey pool composed of 35 genes encoding reported TACs components (Yu et al., 2013) . After yeast transformation, we selected clones with blue appearance in selective dropout (SD) medium lacking Trp, Ade, Leu, and His with X-α-gal. Sequence analysis indicated the confirmed clones correspond to both Trx Z and FSD3, respectively. This result suggested that AtECB1 may interact with the two proteins in the chloroplast. To further confirm these interactions, we fused both FSD3 and Trx Z to pGBK-T7 to generate the baits, respectively, and fused AtECB1 to pGAD-T7 to serve as the prey. The transformants can grow on selective medium plates. All positive clones we selected were further assayed by X-a-Gal for blue-white screening ( Figure 4A ). These data indicated that AtECB1 can interact with both Trx Z and FSD3 in yeast, respectively. Pull-down experiments were performed to confirm the interactions. We expressed the proteins AtECB1 and FSD3 fused into glutathione S-transferase (GST) tag, respectively, and the two proteins AtECB1 and Trx Z fused into His tag, respectively. As shown in Figure 4B , GST-AtECB1 could pull down Trx Z-His, while GST alone did not pull down Trx Z-His ( Figure 4B, lane 2) . Similarly, GST-FSD3 could also pull down AtECB1-His ( Figure 4B , lane 2). Neither AtECB1-His nor Trx Z-His was precipitated by GST alone ( Figure 4B , lane 4). Both yeast two-hybrid and pull-down experiments showed the physical interactions between AtECB1 and Trx Z as well as FSD3.
To investigate the interaction between AtECB1 and Trx Z as well as FSD3 in planta, a bimolecular fluorescence complementation (BiFC) assay was performed in Nicotiana benthamiana plants using transient expression via Agrobacterium (Walter et al., 2004) . The entire coding region of AtECB1 was fused to the C-terminal YFP fragment (AtECB1:YFP C ), whereas the coding regions of Trx Z and FSD3 were individually fused with the N-terminal YFP fragment (YFP N ). YFP fluorescence was observed when combination of AtECB1 and Trx Z or FSD3 was expressed, demonstrating the interaction between AtECB1 and Trx Z as well as FSD3 in plant cells ( Figure 5 ). Under the same detecting parameter, no YFP fluorescence can be observed in wild-type tobacco ( Figure 5) . Similarly, no YFP fluorescence was observed when expression of AtECB1:YFP C was induced ( Figure 5 ). These results demonstrated the interaction between AtECB1 and Trx Z as well as FSD3 in plant.
Recombinant AtECB1 Protein Exhibits Disulfide Reductase Activity In Vitro
Since AtECB1 is annotated as a thioredoxin-like fold protein and contains a typical βαβαββα structure of thioredoxins, we investigated whether the protein harbors the disulfide reductase activity. Insulin reduction assays are used frequently to test proteins for thioredoxin activities (Chi et al., 2008b) . In the presence of dithiothreitol (DTT), thioredoxin reduces the intermolecular disulfide bonds between the insulin A and B chains, and consequently the insoluble B chain precipitates. The purified recombinant AtECB1 without the N-terminal 98-amino-acid transpeptide was tested for its ability to reduce the insulin chain ( Figure 6A ). The purified 0.5 μM Escherichia coli thioredoxin could reduce the insulin β-chain in the presence of DTT. In contrast, the bovine serum albumin (BSA) instead of the thioredoxin was unable to reduce insulin ( Figure 6B ). Under the same conditions, both 0.5 and 1 μM purified AtECB1 were used to catalyze the insulin reduction ( Figure 6B ). Nevertheless, the activity of AtECB1 was lower than that of E. coli thioredoxin ( Figure 6B ). pTAC14 is a SET domain protein without a βαβαββα structure localized in chloroplast (Gao et al., 2011) . Purified pTAC14 from E. coli was not able to catalyze the insulin reduction ( Figure 6B ). These data showed that the recombinant AtECB1 possesses disulfide reductase activity in vitro, which is not likely to be the contamination of the purification process.
DISCuSSIoN
AtECB1 Is Essential for Chloroplast Gene Expression and Chloroplast Development
Previous investigation showed that the knockdown of MRL7, an allele of AtECB1, displayed a severely pale-green phenotype after germination, which could turn green subsequently. The reduced expression of the plastid-encoded genes in the knockdown and knockout lines suggested that the AtECB1/MRL7 affects PEP function and chloroplast development (Qiao et al., 2011) . Here, we characterized the function of AtECB1/MRL7 through analysis of the knockout mutants. Both knockout lines of AtECB1 displayed seriously impaired chloroplast biogenesis and seedling lethality (Figure 1 and Supplemental Figure 1) . The PEP-dependent chloroplast transcripts were barely detected in the atecb1-1 mutant ( Figure 3A ). Our data are in agreement with the results from the knockdown lines that AtECB1/MRL7 affects PEP function and chloroplast development. Nevertheless, our work indicates that AtECB1 is essential for the maintenance of PEP function in Arabidopsis. Therefore, AtECB1 is essential for PEP-dependent chloroplast transcription and chloroplast development.
Numerous factors have been reported to affect PEP activity and chloroplast development. TAC components are associated with the PEP core subunits, and most of them are functional in chloroplast transcription (see review by Pfalz and Pfannschmidt, 2013) . About 15 knockout mutants of TAC components have been investigated. These lines display either pale/light-green (Pfalz et al., 2006; Gilkerson et al., 2012) or albino phenotype (Pfalz et al., 2006; Garcia et al., 2008; Myouga et al., 2008; Arsova et al., 2010; Gao et al., 2011; Yagi et al., 2012; Yu et al., 2013) . Their transcriptional levels of the PEP-dependent plastid genes decrease to different extents. Compared with the reduced transcriptional levels of the genes in these mutants, the levels in the atecb1-1 mutant are undetectable ( Figure 3A ). This indicates that AtECB1 performs a more important function in plastid gene expression. The core components of PEP are encoded by plastid genome which are present in multicopies. Because transformation of Arabidopsis plastids is far from routine (Zhou et al., 2009) , it is difficult to create mutant lines without PEP activity in Arabidopsis. The atecb1-1 might be used as a material to investigate the function of PEP polymerase in Arabidopsis.
AtECB1 Has Thioredoxin Activity and May Act As a Regulatory Role for Chloroplast Gene Expression
The Arabidopsis genome contains about 100 proteins with thioredoxin-like fold domains (www.Arabidopsis.org). A typical thioredoxin protein contains a typical secondary structure of βαβαββα and a C-X-X-C active site motif. The members in this thioredoxin-like fold family exhibit many modifications to the C-X-X-C active site motif (Atkinson and Babbitt, 2009 ). AtECB1, a thioredoxin-like fold protein, shares a typical secondary structure of βαβαββα with that of thioredoxin (Figure 2 ). AtECB1 has the disulfide reductase activity ( Figure 6B ). However, AtECB1 has no reported active site motif for disulfide reductase activity. In the mature protein, there are four cysteines as indicated (Figure 2) . AtECB1 may contain a new type of modifications to the C-X-X-C active site motif.
AtECB1 was not identified as an intrinsic subunit of PEP complex in two independent experiments (Pfalz et al., 2006; Steiner et al., 2011) , although it is essential for PEP-dependent chloroplast transcription (Figure 3 ). Nevertheless, a yeast twohybrid screen revealed that AtECB1 interacts with both Trx Z and FSD3, two essential subunits of PEP complex ( Figure 4A ). The localization of AtECB1 in chloroplast nucleoid (Yu et al., 2010; Qiao et al., 2011; Majeran et al., 2012 ) also supports the interactions. Pull-down demonstrated the reliability of the interactions ( Figure 4B ). BiFC experiments further confirmed the interactions in vivo ( Figure 5 ). Nevertheless, the weaker YFP fluorescence suggested that AtECB1 may transiently or loosely attach with these components of the PEP complex. FSD3 contains one cysteine and it can interact with itself (Myouga et al., 2008) . Trx Z is a typical thioredoxin protein with the C-X-X-C site, and it was reported to be reduced by other plastidial thioredoxin (Bohrer et al., 2012) . The interactions between AtECB1 and Trx Z as well as FSD3 suggest that AtECB1 may reduce Trx Z and FSD3. The redox status in chloroplast is important for chloroplast transcription (Steiner et al., 2009) . Since AtECB1 has thioredoxin activity, it may regulate the redox status of PEP complex through interacting with these two proteins for plastid gene expression and chloroplast development.
METHoDS Plant Material, Growth Conditions, and Mutant Identification
Wild-type Arabidopsis thaliana (ecotype Columbia and Nossen) and mutants were grown under long-day conditions (16-h light/8-h dark), with a photon flux density of 120 mol m -2 s -1 at a constant temperature of 22°C. For growth on agar plates, seeds were surface-sterilized and sown on MS medium containing 2% sucrose and 0.7% (w/v) phytoagar.
The determination the insertional positions for the mutants followed our previous report (Yu et al., 2009 ). The flanking regions of the T-DNA insertions were amplified by PCR and sequenced with these primers: T-DNA flanking sequence, Lba1 (5′-TGGTTCACGTAGTGGGCCATCG-3′) and left primer (LP), (5′-TTGATTGGGAAGGTGAGATTG-3′); right primer (RP), (5′-GCACAGATTGACGAGTAAAATCC-3′). The flanking regions of the Ds insertions was amplified with the primer Ds5-3 (5′-TACCTCGGGTTCGAAATCGAT-3′) and LP. 
Subcellular Localization of Recombinant AtECB1TP:GFP
To make the AtECB1TP:GFP construct, the transpeptide region was obtained by PCR amplification using two primers, AtECB1TF (5′-GGTACCATGAGTTTCTTCGCTGTTGC-3′ and AtECB1TR (5′-CCA TGGTACGCGGGACCTTTGTCGG-3′), cloned into the multiple clone sites of the vector pEGFP. The AtECB1TP:EGFP fragment was cloned into a pMON530 binary vector. The 35S::EGFP construct was used as a control. Both recombinant inserts were sequenced to ensure the authenticity of the transgenic fragment. The GFP fluorescence was detected and imaged by laser confocal microscope (Zessi, Germany).
Transmission Electron Microscopy
Plant tissues were fixed in a solution containing 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C overnight. Then, these tissues were rinsed in 0.1 M phosphate buffer and treated with 1% (W/V) osmium tetraoxide for 4 h at 4°C. After being rinsed with the phosphate buffer, the samples were dehydrated and embedded in resin. Thin sections were prepared with an ultramicotome, stained with uranyl acetate and lead citrate, and examined using a Hitachi H7500 transmission electron microscope (Hitachi, www.hitachi.com).
Arabidopsis Transformation and Transformants Selection
All binary vectors were introduced into Arabidopsis mediated by A. tumefaciens (Clough and Bent, 1998 
RNA Isolation, cDNA Synthesis, RT-PCR, and RNA GelBlot Hybridization
Total RNAs were extracted from about 10-day-old Arabidopsis seedlings using TRIzol (Invitrogen, www.invitrogen.com), following the manufacturer's protocol. The first-strand cDNA was synthesized with the revert-Aid first-strand cDNA synthesis kit (TOYBO, Japan), following the manufacturer's instructions. To investigate the AtECB1 expression pattern, total RNA was isolated from roots, stems, leaves, inflorescences, and 14-day-old seedlings, and semi-quantitative RT-PCR was performed using the specific primers as follows: AtECB1F (5′-ATGAGTTTCTTCGCTGTTGC-3′) and AtECB1R (5′-TACGCGGGACCTTTGTCGG-3′). The Actin2 gene was used as a control, and the primer set was as follows: Actin2F (5′-GGTAACATTGTGCTCAGTGGTGG-3′) and Actin2R (5′-CTCGGCCTTGGAGATCCACATC-3′). For expression analysis of AtECB1 in mutants, total RNA was prepared from 14-dayold mutants and wild-types, and the two primers used were listed as follows: AtECB1F(5′-ATGAGTTTCTTCGCTGTTGC-3′) and AtECB1R2 (5′-CTAACAGTACGGGGTTACATTAG-3′). RNA gel-blot hybridization was performed according to our previous report (Yu et al., 2013) . The primers which are used to clone the fragment for probes are listed as follows: psbA (5′-GGGGAACCCGTTGATAATTT-3′ and 5′-GGGGAACCCGTTGATAATTT-3′); petD (5′-AGATTTGAA TGATCCTGTAT-3′ and 5′-CGGTAATGTTGCTCCAATAC-3′); rbcL (5′-CTAAAGCAAGTGTTGGGTTC-3′ and 5′-TGCCCTTTGATTT CACCTGT-3′); clpP (5′-AAAGTACCTTTTCGAAGTCCTGGAG-3′ and 5′-AACAATTCCATGAGCTTGGGCTTC-3′); 16SrRNA (5′-ATG CGTAGAGATCGGAAAG-3′ and 5′-TTCATGCAGGCGAGTTG-3′); atpB (5′-GGGGAACCCGTTGATAATTT-3′ and 5′-AACGCT CAATTTTTCGTGCT-3′); accD (5′-GGGGAACCCGTTGATAATTT-3′ and5′-GGGGAACCCGTTGATAATTT-3′); rpl20 (5′-ATGACTAGAAT TAAACGCGG-3′ and 5′-TCATTCGAAATTGTATAAAG-3′); rpl22 (5′-ATGGCAGTTCCAAAAAAACG-3′ and 5′-TTTTGCTGTAC AAAAAACT-3′); LHCB (5′-CTTTGTGCTGCACTACTCAACC-3′ and 5′-CGATGGCTTGAACGAAGAATCC-3′); PsbO (5′-AACTTCXCT CGGCTCGCCTCACT-3′ and 5′-CTCCTCGTCTCCTCTGCCTCC-3′); RbcS (5′-ATGGCTTCCTCTATGCTCTCTTCC-3′ and 5′-TTGGTGGCTT GTAGGCAATGAAAC-3′).
Yeast Two-Hybrid Analysis
A fragment encoding the AtECB1 protein without the 98-amino-acid transit peptide was amplified with the following primers: (5′-CTGCAGGACAGTACGGGGTTACATTAGCCT-3′ and 5′-GAATTCCGGAGTGAAGCAGACGCTGTGG-3′) and cloned into the pGBKT7 as a bait. Four fragments encoding AtECB1, FSD3, FSD2, and Trx Z were obtained with the following primers: (5′-GAATTCCGGAGTGAAGCAGACGCTGTGG-3′ and
and 5′-GGATCCTTAGTCAACCTCAGATACATCG-3′), (5′-GAATTCGCT CAAGAACTTCAGGA ACTGG-3′ and 5′-GGATCCT CACATCTCGTTGTCAATGA-3′), respectively, and cloned into the pGADT7 as prey. The fragment encoding the mature FSD3 protein and the Trx Z protein were amplified with the following primers: (5′-GAATTCGGTGGTTTAAAGGTTGAAGC-3′ and 5′-GGATCCTTAAGCGATTGGGATGTTGGGT-3′) and (5′-GAATTCG CTCAAGAACTTCAGGAACTG-3′ and 5′-GGATCCTCAC ATCTCGTTGTCAATGATA-3′), respectively, and cloned into the at Shanghai Normal University on August 29, 2013 http://mplant.oxfordjournals.org/ pGBKT7. Yeast two-hybrid analysis was performed using the Clontech (Clontech, www.clontech.com) two-hybrid system, following the modified manufacturer's instructions and our previous report (Yu et al., 2013) .
Protein Expression and Pull-Down Experiment
The full-length AtECB1 lacking the 98-amino-acid N-terminal transpeptide was amplified with the primers (5′-GGATCCCGGAGTGAAGCAGACGCTGTG-3′ and 5′-GAATTCACAGTACGGGGTTACATTAGCCT-3′) and the coding region encoding the mature FSD3 was amplified with the primers (5′-GGATCCGGTGGTTTAAAGGTGAAGC-3′ and 5′-GAATTCTTAAGCGATTGGGATGTTGGGT-3′).
They were fused into the expression vector pGEX-4T-1(GE Healthcare, America), respectively. The full-length AtECB1 lacking the 98-amino-acid N-terminal transpeptide was amplified with the primers (5′-GGTACCG AGTGAAGCAGACGCTGTGG-3′ and 5′-GAGCTCCACAGTACGGGGTTACATTAGCCT-3′) and the coding region encoding the mature Trx Z was amplified with the primers (5′-GGATCCGGGCAAGTTTGTCAGAGAA-3′ and 5′-AAGCTTCATCTCGTTGTCAATGATATC-3′), and they were fused into the expression vector pET51b (Novagen, Merck, Darmstadt, Germany). The four expression vectors were introduced into E. coli BL21(DE3) pLysS strain, respectively. These proteins were expressed under 18°C conditions, and pulldown experiments were performed with the crude proteins with GST affinity column using the TEN100 pull-down buffer containing 20 mM Tris, 100 mM NaCl, 0.1 mM EDTA, and 0.2% Triton X-100, pH 7.4, and 20 μL glutathione sepharose 4B (GE Healthcare). The beads were washed by NETN100 (20 mM Tris, 100 mM NaCl, 0.1 mM EDTA, 0.5% NP40, pH 7.4) and NETN300 (20 mM Tris, 300 mM NaCl, 0.1 mM EDTA, 0.5% NP40, pH 7.4), respectively. Bound proteins were eluted, fractionated by 10% SDS-PAGE, and subjected to protein gel-blot analysis with the corresponding antibodies.
BiFC Assay
The full-length coding sequence of AtECB1 was cloned into 35S-SPYCE (Walter et al., 2004) , and the coding sequences of Trx Z and FSD3 were individually inserted into 35S-SPYNE (Walter et al., 2004) . Constructs were delivered into leaf cells of Nicotiana benthamiana mediated by Agrobacterium tumefaciens GV3101 injection. The BiFC-induced fluorescence was detected by confocal laser scanning microscopy (Zessi, Germany) after 48-h injection. The primers which are used to clone these genes coding sequence are listed as follows: AtECB1 (5′-GGATCCATGAGTTTCTTCGCTGTTGC-3′ and 5′-CCCGGGACAGTACGGGGTTACATTA-3′); Trx Z (5′-GGATCCAT GGCTCTTGTTCAATCCAG-3′ and 5′-GGTACCCATCTCGTTGTC AATGATATC-3′).
Protein Recombinant Expression and Insulin Reduction Assay
The fragment encoding the AtECB1 protein which lacks the transpeptide was fused in frame into the expression plasmid pET51b (Novagen, Merck, Darmstadt, Germany). The resulting plasmid, pET-AtECB1, was introduced into E. coli strain BL21(DE3). Similarly, the fragment encoding the pTAC14 protein which lacks the transpeptide was amplified with the specific primers pTAC14F(5′-GGTACC GATGGCTTCCGAAGAATCTTCCTCGTCC-3′) and pTAC14R (5′-GAGCTCGATAGAGTAACCGTTCTTGATAGAT-3′), and fused in frame into the expression plasmid pET51b. The recombinant proteins were expressed in E. coli strain BL21(DE3) and purified with Ni-affinity chromatography column. The purified recombinant AtECB1 was assayed for disulfide reductase activity, according to previous reports (Chi et al., 2008b) . The reaction mixture contains a final volume of 1 ml contained 100 mM sodium phosphate, pH 7.0; 1 mM EDTA; 30 μM insulin (human insulin; Sigma, München, Germany), and 0.5 or 1 μM purified recombinant AtECB1. The reaction was started by the addition of 0.5 mM DTT and performed at room temperature. The insulin disulfide reduction was measured by the absorbance change at 650 nm. The insulin reduction with 0.5 μM thioredoxin from E. coli (Sigma, Deisenhofen, Germany) was used as a positive control. The purified pTAC14 protein and BSA instead of thioredoxin were served as a negative control.
Immunological Detection of Photosynthetic Proteins
Total proteins for immunological detection were extracted from 10-day-old wild-type and atecb1-1 mutants, as described previously (Yu et al., 2009 ). Proteins were separated by 12% or 15% SDS-PAGE, transferred electrophoretically to nitrocellulose filter membranes and were then immunoblotted with various antibodies. Antibodies were detected using enhanced chemiluminescence (ECL; General Electric Company, www.ge.com) following the manufacturer's instructions. All polyclonal antibodies in this study, except for rbcL, were obtained from Agrisera (www.agrisera.com). The rbcL antibody was presented by Dr Mi HuaLing from the National Key Laboratory of Plant Molecular Genetics, Institute of Plant Physiology and Ecology, at the Chinese Academy of Sciences. 
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